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INTRODUCTION
Birds are highly visible, wide-ranging, easily studied apex predators in marine food webs. Population energetics models indicate that they consume substantial amounts of marine prey (Furness 1982 , Weins 1984 . ' . Subjects were captured in nest burrows during the day, weighed (1 00-g Pesola spring scale) and injected pectorally with 0.15 mL 3HH'8O containing 95 atom % /o80 (i.e., oxygen in which 95% of the atoms were 180) and 3H whose disintegration rate was 46 kBq/mL. They were then banded with United States Fish and Wildlife Service bands and returned to burrows. Grass lattices were laid over burrow entrances and were checked at 1 5-min intervals through the next three nights. When a lattice either had been disturbed or had not been disturbed for 24 h or longer since injection, we examined the burrow. If an injected animal was recovered, -0.2-0.6 mL of blood was drawn from a brachial vein, and the bird was weighed and returned to its burrow. Of the 20 storm-petrels that were injected with DLW and recaptured, 8 did not leave the burrow from the time of injection until recapture (7 of these animals were incubating, 1 was with a chick). Twelve others spent from 8.6 to 21.0 h/d at sea between injection and recapture (10 of these birds were rearing chicks, 2 were incubating). Following Ricklefs et al.'s (1986) procedure, initial isotope levels were determined from measurements for nine animals that were injected with 3HH'80, returned to burrows for I h, then bled. Initial isotope values for these animals were regressed on body mass; initial isotope levels for 17 storm-petrels, for which initial blood samples were not obtained, were estimated from body mass using this regression equation. Three of the nine birds were recaptured within 2 d, and FMR and water-turnover calculations for these animals were based on actual initial isotope values.
Blood samples were stored frozen in airtight heparinized tubes. In the laboratory, blood was thawed and vacuum-distilled (Nagy 1983). Tritium activity was measured in duplicate or triplicate on 10-AL samples of water in a Beckman LS7500 scintillation counter. 1'0 in the remaining water from each sample was analyzed in duplicate or triplicate at Nagy's (1983) laboratory at the University of California at Los Angeles by proton activation of 1O to '8F with subsequent counting of '8F in a gamma counter (Wood et al. 1975 , Nagy 1980 ). Standards were made by diluting 100-AL injection solution in 20.0 mL of distilled water and were analyzed in triplicate. Background isotope levels were measured on three uninjected storm-petrels.
CO, production (in millilitres per gram per hour), water influx (in millilitres per kilogram per day) and water efflux (in millilitres per kilogram per day) were calculated for each storm-petrel for the interval between initial and final captures, assuming body water volume changed as a constant fraction of body mass (Nagy 1980 , 1983 , Nagy and Costa 1980 . Body mass was calculated as the mean of masses at initial and final captures. Total body water was estimated from 180 dilution space (Nagy 1983) . FMR (in kilojoules per day) was calculated from CO2 production assuming an energy equivalent of 0.0263 kJ/mL of CO2 for myctophids, amphipods, and euphausiids. Metabolizable energy intake (ME, in kilojoules per day) was calculated from water influx, assuming an energy assimilation efficiency of 0.80 (Ricklefs 1974 ) and a gross energy equivalent of 8.10 kJ/mL of H2O for myctophids, amphipods, and euphausiids, and assuming that birds at sea did not ingest sea water (i.e., all water intake was due to preformed water in the food and metabolic water produced from the food).
Estimates of basal metabolic rate and thermal conductance Oxygen consumption (VO2) was measured on seven nonlabeled breeding storm-petrels on Green Island 
C, = VO2/( T,-T-
where C is thermal conductance in cm 3g ' h -' C-', VO2 is oxygen consumption in cm3 g-' h ', Th is body temperature in degrees Celsius, and T, is ambient air temperature in degrees Celsius.
Adult hodv mass
We weighed (1 00-g Pesola spring scale) and banded 69 adult Leach's Storm-Petrels that were removed from nest burrows on Green Island during daylight hours. Of these, 40 were incubating and 24 were with chicks.
Meteorologicalloceanographic comparisons
Data on regional air temperatures and wind speeds during the study periods on Green (July 1987) and Kent (July 1983) Islands (Newfoundland and Maine, respectively) were obtained from the Canadian Environmental Service. Sea surface temperatures (SSTs) during investigation periods and within the storm-petrels' foraging ranges were generated by averaging the propor- 
RESULTS

Body masses, metabolic rates, and thermal conductances
Adults with eggs in their nest burrows weighed significantly more than adults rearing chicks (Table 1) . Masses of adults with small chicks (<20 g) were not significantly different from those of adults with large Table 2 ). Adults that spent all or part of their time at sea had significantly higher FMRs than did adults that remained in nest burrows (Table 3; 
where y is FMR in kilojoules per day and x is time at sea in hours per day (r = 0.84; P < .001; see Fig. 1 ). Table 2 ). Birds that went to sea did not change in mass and remained in energy balance (t test; Table 3 
where v is ME in kilojoules per day and x is time at sea in hours per day. Energy balance (ME -FMR) and change in mass of birds that went to sea were not correlated with time spent at sea. 
Population energy requirements of Leach's Stormn-Petrels breeding in the Northwest Atlantic
The reproductive, nutritional, and dietary parameters that were used as input for the population energetics model are given in Tables 4, 5, and 6. The diets of Leach's Storm-Petrels during the breeding season in Newfoundland are estimated to be comprised of (in decreasing order of mass of total food intake) myctophids, amphipods, euphausiids, and other crustaceans ( Table 6 ). The energy densities of fresh parental food regurgitations are consistent with the energy densities of the marine food types included in them and with dietary composition in general (Table 5 ; Warham et al. 1976 ). These data and calculations of population energy requirements were used to generate coarse estimates of the masses of prey organisms that Leach's Storm-Petrels consume during their breeding season in the northwest Atlantic (Table 6 ). The model estimates that a breeding adult Leach's Storm-Petrel consumes 23 g of food per day, or 50% of body mass. Minimum total annual consumption for eastern Canada is estimated as z74 000 Mg, and estimates of the harvests of major prey types are in Table 6. The energetics model also indicated that about half of the total consumption is taken for somatic maintenance by breeding birds during the reproductive season and by non-breeders and failed breeders associated with colonies. Most of the remainder is used by young birds not attending the colony and by adults during the pre-and post-breeding periods. Only a small fraction (4. 1 %) of food consumed is used directly for egg production and chick-provisioning. Much of the parental energy requirements are, however, associated with foraging for and transporting food to nestlings.
DISCUSSION
Metabolic rates of Leach's Storm-Petrels
The integrated field metabolic rates (FMRs) of Leach's Storm-Petrels breeding in Newfoundland averaged ~440% higher than those of conspecifics studied with the same doubly labeled water (DLW) procedure at Kent Island, New Brunswick (Table 7 ; Ricklefs et al. 1986 ). Significant differences in mass-specific CO2 production during nest attendance and during at-sea activity were obtained between Leach's Storm-Petrels nesting in Newfoundland waters and conspecifics nesting in the Bay of Fundy (Table 8 ). In view of the sim- 7 . Metabolic rates at nest, at sea, and integrated over one at-nest/at-sea cycle of free-ranging storm-petrels rearing chicks, as determined using doubly labeled water. + 17 +25 +22 +25 * Integrated field metabolism = field metabolic rate (FMR) averaged over a sufficient period to include the full range of activities (Obst et al. 1987 ). Based on knowledge of life history and behavioral patterns (Table 4) , metabolic rates at the nest and at sea were combined in a ratio of 1:3 to produce an integrated FMR estimate for a breeding cycle. Results on mass change and energy balance (ME -FMR) indicate that stormpetrels in the present study lost mass while in the nest burrow, presumably due to consumption of reserves, but were in energy balance while at sea (see also Obst et al. 1987 ). Significant increases in metabolic energy intake with increasing time at sea suggest that food consumption was related to time at sea. By simulta- Gales and Green 1990) . We have no data on the metabolic rates of birds with larger chicks, and so unfortunately cannot address this question. Prey availability probably changes over the course of the birds' breeding season, though this issue needs to be studied. ME and water-flux calculations are based on several assumptions, and differences between ME and FMR may result in part from errors in these (Nagy 1980, Nagy and Costa 1980, Birt-Friesen et al. 1989).
The ratio of integrated FMR/BMR is 2.73 for incubating storm-petrels and 3.13 for those rearing chicks in Newfoundland. These ratios are z25-30% higher than those of conspecifics breeding near the southern limit of their range in the northwest Atlantic. Obst et al. (1987) reported higher ratios for Wilson's StormPetrels that were incubating (3.2) and rearing thermally independent young in the Antarctic (3.73; Table 7 ). Most seabird species exhibit rates of energy utilization similar to those of most other avian species, i.e., 3-4 x BMR (Drent and Daan 1980, Birt-Friesen et al. 1989). In view of the small body size, pelagic foraging patterns, and high-latitude distributions of storm-petrels, these energetic similarities indicate that stormpetrels are well adapted to cold ocean environments (Obst et al. 1987 ). This suggestion is supported by findings that (1) FMR/BMR ratios of storm-petrels rearing chicks were much lower than those of Northern Gannets (6.6) or Common Murres (5.2); and (2) stormpetrels did not exhibit higher mass-specific BMRs than the larger species, indicating that like other Procellariiformes, they are metabolically conservative ( This modest role is due to small body size and a massspecific FMR that is low in comparison with other members of the eastern Canadian breeding seabird assemblage. The influence of these factors can be illustrated by a comparison with the Common Murre. Leach's Storm-Petrels, with 4.5 x 106 breeding pairs, has a biomass of 555 Mg, whereas the region's Common Murre population (570 x 103 breeding pairs) has a biomass of 1441 Mg. Overall consumption by Common Murres (330 000 Mg) is about five times as great as that by storm-petrels (; 74 000 Mg). However, it is important to consider that the smaller nekton-consuming seabird species can potentially remove many more larval and juvenile fish compared to larger avian piscivores that prey on larger fish.
For the most part, marine population and community energetics models tend to treat FMR measurements as species-typical, and oceanography as widely generalizable. The findings that FMRs vary among colonies and may vary between years at the same colony (e.g., Gales and Green 1990) indicate the necessity of considering such differences in population and community energetics models that involve large oceanographic regions and/or multiple-year inclusions.
